Humans are ubiquitously exposed to many phthalates, a class of endocrine-disrupting chemicals commonly used in many consumer goods, and diet, especially fatty food, is presumed to be a major source of exposure. Here, we use a rat model of human prenatal exposure to investigate the potential interactive effects of an environmentally relevant mixture of phthalates and a maternal high-fat diet (HFD). From gestation through postnatal day (P)10, dams consumed the mixture of phthalates (0, 200, or 1000 mg/kg/d) and were fed a control diet or HFD. In males, perinatal exposure to the mixture of phthalates decreased prepubertal body weight and, in a dose-specific manner, periadolescent social play behavior. A dose-specific effect from phthalates with HFD was also seen in increased time alone in females during social play. HFD resulted in dams consuming more calories, having greater gestational weight gain, and licking and nursing their pups more, such that an early postnatal HFD generally increased pup body weight. There also was a tendency for increased oxidative stress markers at P10 within the medial prefrontal cortex of males exposed to the relatively high dose of phthalates and HFD. Effects on gene expression were inconsistent at P10 and P90 in both the medial prefrontal cortex and hypothalamus. Overall, this study demonstrates that phthalates and a maternal HFD only rarely interacted, except in oxidative stress markers in males. Additionally, perinatal exposure to an environmentally relevant mixture of phthalates can have a modest, but lasting, impact on social behaviors in both males and females. (Endocrinology 159: 1088(Endocrinology 159: -1105(Endocrinology 159: , 2018 
contamination during production, processing, and packaging (3, 4) . Moreover, fatty foods such as oils, dairy, meat, and fish contain the highest level of phthalates, which is of concern as calorically dense and high-fat foods are readily available in the developed world (5) . Also, given that phthalates and high-fat diets (HFDs) can separately increase oxidative stress and inflammation (6, 7) , it is important to study them together to examine the potential for interactive effects.
Aside from the oxidative stress and inflammatory effects, phthalates can have antiandrogenic, estrogenic, and antiestrogenic activity (8) as well as the ability to suppress the synthesis of steroidogenic enzymes (9, 10) . Moreover, phthalates can have such wide-ranging effects as suppressing calcium signaling in nicotinic receptors (11) , weakly antagonizing cannabinoid receptors (12) , and interfering with thyroid (13) , IGF-1 (14) , and insulin signaling (15, 16) .
Phthalates readily cross the placenta (17) , which makes the gestational period a particularly vulnerable window for these endocrine-and metabolic-disrupting effects. Additionally, considering that hormones influence the development of the brain, it is not surprising that there are studies associating concentrations of urinary phthalate metabolites during pregnancy with adverse outcomes in children's social (18, 19) and executive function (20) (21) (22) .
Likewise, in rodents, perinatal exposure to a single phthalate [di-(2-ethylhexyl) phthalate (DEHP), diisobutyl phthalate (DiBP), or diethyl phthalate (DEP)] has been shown to affect cognitive behavior (23) (24) (25) (26) (27) (28) (29) (30) . However, much less is known about the effect of phthalates on maternal and social behaviors in rodents. This is particularly important considering that maternal care is known to have a long-term impact on the offspring's behavior (31) including social behaviors (32) , and may mediate the observed behavioral effects of perinatal phthalate exposure in offspring.
To date, DEHP is the most frequently studied phthalate. One study using mice has explored the effects of perinatal exposure to DEHP on these behaviors and found no differences in maternal care, but in both males and females, the higher doses generally affected social interactions in juvenile mice (33) . These findings suggest that perinatal exposure to DEHP can affect social behaviors independent of maternal behavior. However, humans are exposed to a variety of phthalates as well as what is often an HFD, which is independently known to influence maternal behaviors (34, 35) , as well as periadolescent social behaviors in rodents (36) .
Therefore, the purpose of this study is to examine the effects of an HFD and an environmentally relevant mixture of phthalates using a rat model of human prenatal exposure. Because the prenatal period through postnatal day (P)10 in rats roughly corresponds to prenatal brain development in humans, exposure of the dams occurred at this time. Maternal behavior was assessed during this time, and later social play was quantified during the periadolescent period. Unlike mice (37) , rats are known for their extensive engagement in social play, which is wellcharacterized and a standard model for studying neurodevelopment disorders (38) . Furthermore, social play is observed more frequently in males (39) , affected by perinatal hormone exposure (40) , and known to peak during periadolescence (41) . At the end of the phthalate and diet exposure, the medial prefrontal cortex (mPFC), an area of the cortex that is involved in both cognitive and social behaviors, was assayed for oxidative stress proteins and the expression of genes related to oxidative stress, inflammation, apoptosis, social behaviors, endocrine receptors, and steroid synthesis. To our knowledge, no studies have investigated the effects of early metabolic programming from an HFD on the gene expression of steroidogenic enzymes and hormone receptors in the mPFC. The expression of genes related to social behaviors was also examined in the hypothalamus. Both the mPFC and hypothalamus are known to be sensitive to endocrine disruptors (42) (43) (44) .
Materials and Methods

Subjects
Male (n = 60) and female (n = 60) Long-Evans hooded rats were obtained from Harlan Laboratories (Indianapolis, IN) at approximately 3 months of age and housed for at least 2 weeks prior to being paired for breeding in five cohorts. They were housed in same-sex pairs on a 12-hour light/dark cycle with food and water available ad libitum. To reduce exposure to endocrine-disrupting chemicals, all animals were housed in bisphenol A-free polysulfone cages, fed a low-phytoestrogen food (Harlan 2020X; Teklad Diets, Madison, WI), and hydrated with reverse osmosis-filtered water in glass bottles. All procedures were approved by the University of Illinois Institutional Care and Use Committee and adhere to the National Institutes of Health guidelines on the ethical use of animals.
For breeding, animals were placed in suspended wire-bottom cages where the presence of sperm plugs was inspected daily. When a sperm plug was detected, the day was recorded as gestational day (GD) 0 and the dams were removed, housed individually, and assigned to one of six groups (n = 11, 10, 10, 9, 11, and 10, respectively): 0 mg phthalates/kg body weight with a control diet (CON) (n = 11) or an HFD (n = 10), 200 mg phthalates/kg with a CON (n = 10) or an HFD (n = 9), or 1000 mg phthalates/kg with a CON (n = 11) or an HFD (n = 10). One 200 mg/kg phthalate-exposed CON-fed litter was dropped after birth due to infanticide. One pup of each sex was used for each measure, or the average of a sex within a litter was used as the unit of analysis. When the litter was not balanced for sex, preference was given to the social behavior endpoints, as opposed to being euthanized for P10 tissue collection.
From GD0 through P10, dams were fed ad libitum either a CON (15.8% kcal fat; D10012G) or HFD (45% kcal fat; D12451) obtained from Research Diets Inc. (New Brunswick, NJ). On GD 0 and 1, the dams were given half a cookie (Newman's Own organic alphabet cookie, vanilla flavor) with tocopherol-stripped corn oil pipetted onto it for acclimatization. Starting on GD2 through P10, dams readily consumed half a cookie overlaid with the daily dose of phthalate mixture at their corresponding concentration. It is worth mentioning that phthalate exposure can also occur through lactation in rats (45) . Furthermore, this method of oral administration is presumably not stressful and similar to the major route of human exposure to phthalates. Pups were weaned on P25 and pair-housed with similarly aged animals of same sex, exposure, and diet.
Phthalate mixture
The phthalate mixture was derived from back-calculating exposures based on the urinary metabolites of pregnant women in the Champaign-Urbana community (unpublished data), which approximates the US population levels (46) . The phthalate mixture was comprised of 35% DEP, 21% DEHP, 15% dibutyl phthalate, 15% diisononyl phthalate (DiNP), 8% DiBP, and 5% benzyl butyl phthalate. The mixture was prepared by suspending 0, 0.6, or 3 mg phthalates/mL tocopherol-stripped corn oil to ensure equivalent volume (1 mL/3 g body weight) in administering the respective 0-(control), 200-, or 1000-mg phthalates/kg doses. These doses are relatively low within the rodent literature, and based on the body surface area normalization method (47) , which is prescribed by the US Food and Drug Administration, a 200-and 1000-mg/kg dose in rats is equivalent to a human dose of 32.43 and 162.16 mg/kg, respectively. These doses align within the range of the estimated daily intakes of humans (3) and, interestingly, are even below some of the tolerable daily intakes of some governing organizations (48) . However, there are limitations to translating these doses of phthalates from rats to the human population due to the lack of information on interspecies differences in the toxicokinetics and their associated doseresponse relationships.
Gestational and developmental indices
The amount of food eaten was recorded to compare the caloric intake between the groups from GD0 to P10. Additionally, body weight of the dams and pups, as well as the size and sex ratio of the litters, were documented. However, on the day of birth, designated as P0, the litters were not perturbed, and thus the body weight, number, anogenital distance, and sex of the pups were not determined until P1. An anogenital index was also calculated in two ways, either by dividing anogenital distance by body weight or by using body weight as a covariate. After measurements were taken on P1, each litter was culled to 10 pups to control for litter size and sex ratio. In addition to the measurements collected on P1, pup body weight was also recorded on P10, P25, and P90. Furthermore, the day of pubertal onset for each pup was determined by peripheral markers (i.e., preputial separation in males and vaginal opening in females). All the developmental measurements within a sex of a specific litter were averaged to avoid overrepresentation of any given litter.
Maternal behavior
From P3 to P10, dams and their litters were observed under red light at the start of the dark cycle when they are most active.
The observer was blind to exposure group and recorded an observation every 3 minutes for a total of 30 observations per day. The maternal behavior categories were nursing, licking pups, nest reorganization (i.e., retrieving pups, nest building), and away from the nest (i.e., laying down, eating, selfgrooming, etc.). Note, behavioral categories were not mutually exclusive, such that licking often coincided with nursing. When these behaviors occurred simultaneously, they were recorded in both behavioral categories. Maternal care was collectively defined by any nursing, licking, retrieving, and nest-reorganizing behaviors.
Gene expression
When adequate pairs were available, one male and female from each litter were collected at P10 within hours after the last exposure for tissue collection intended for analyses of gene expression and oxidative stress markers. Depending on availability, a male and female from each litter were also collected at P90 for tissue collection intended for gene expression analysis. Rats were anesthetized using CO 2 and immediately decapitated. Brains were quickly removed with the mPFC and hypothalamus separated and snap frozen in liquid nitrogen prior to storing in a -80°C freezer where they remained until further analyses.
The mPFC was dissected with conservative boundaries: from the rostral start of frontal white matter to the caudal end in which the genu corpus callosum appears. The dorsal and ventral borders of the mPFC were delineated in reference to the underlying white matter (49) . The hypothalamus was dissected as the area surrounding the third ventricle that contains the paraventricular nucleus.
Total RNA was isolated using TRI Reagent (Sigma, St. Louis, MO) followed by Direct-zol RNA MiniPrep (Zymo Research, Irvine, CA) according to the manufacturer's instructions. Reverse transcription was performed using the HighCapacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA). Quantitative real-time polymerase chain reaction was performed using the StepOnePlus RT-PCR System with Power SYBR Green PCR Master Mix and the respective forward and reverse primers for each gene (Table 1) , which were designed by Vector NTI software (Invitrogen Corporation, Carlsbad, CA) and synthesized by Integrated DNA Technologies (www.idtdna.com).
Standard curves with amplification efficiencies between 90% and 110% and r 2 $ 0.99 were accepted. The housekeeping gene 60S ribosomal protein (Rpl7a) was used to normalize the gene expression data. Genes related to social behaviors (Avp, Avpr1a, Avpr1b, CD38, Oxt, Oxtr), endocrine receptors (Ahr, Ar, Esr1, Esr2, Esrrg, Thra), steroid synthesis (Cyp11a1, Cyp19a1, Ldlr, Star), oxidative stress (Cat, Sod1, Sod2, Sod3, Glrx), inflammation (Ifng, Il1b, Il6, Tnf), apoptosis (Bad, Bcl2, Casp3), and dopamine receptors (Drd1, Drd2) were investigated (abbreviations defined in Table 1 ). The expression of the six genes related to social behaviors was examined in the hypothalamic tissue, and all of the genes except for Avp and Oxt (i.e., 28) were examined in the mPFC. There was an average n of six to nine pups within each group for analyses of each gene at either P10 or P90.
Oxidative stress markers
Using a colorimetric oxidative stress enzyme-linked immunosorbent assay strip (EA-1501; Signosis, Santa Clara, CA), we GGTTTGCTACGACGTGGGCT tested (total n = 89; n = 6 to 10/group) for eight cytokines that are known to increase in response to oxidative stress: tumor necrosis factor a (TNFa), transforming growth factor b (TGFb), monocyte chemotactic protein-1 (MCP-1), interleukin1a (IL-1a), IL-1b, IL-6, IL-15, and vascular endothelial growth factor (VEGF).
In accordance with the protocol from Signosis, samples were introduced to 13 cell lysis buffer (EA-0001), homogenized, and centrifuged to collect the supernatant. Using a NanoDrop fluorospectrometer (Thermo Scientific), protein concentrations were determined and appropriately diluted with diluent buffer to a final concentration of 50 mg/100 mL per well. A total of 16 96-well plates were incubated with samples in duplicates for 16 to 17 hours, a biotin-labeled antibody for 3 hours, streptavidin-horseradish peroxidase for 45 minutes, and substrate for 30 minutes, all with gentle shaking prior to being stopped with stop solution. Between incubation periods, each well was aspirated and washed thrice with 200 mL of 13 assay wash buffer. The optical density of each well was read at 450 nm with a microplate reader and its associated Gen5 software (BioTek Instruments). The duplicates were averaged, and all values were represented as percentage change from vehicle-exposed CON rats for each sex.
Periadolescent social behavior
For all remaining pups, social play behavior was observed before the start of the dark cycle for 4 consecutive days between P32 and P40, which is an age period characterized by the highest levels of social play (41) . Each day, the periadolescent pups were isolated in cages in a separate room for 1 hour prior to the 20-minute observation session to increase motivation to play. For the daily observations, periadolescent pups were paired with another rat from a different litter of the same age, sex, exposure, and diet. The same pairings occurred across the 4 consecutive days, and each pair was designated to a litter prior to observations. For each pair, a behavioral observation was made at every 1 minute for a total of 20 minutes by the observer, who was blind to the exposure group. Given that there was a varying number of pairings for each sex within a litter across litters, the pairings of each sex within a specific litter were averaged to avoid overrepresentation of any given litter. The behavioral categories observed were wrestling, sniffing, chasing, alone (i.e., no contact), and in contact (i.e., "passive contact behavior," as they were in contact but sniffing elsewhere or laying down next to each other). Active social behaviors were defined as social play, which was the sum of wrestling, sniffing, and chasing behaviors. Additionally, because maternal nursing and licking are known to have a long-term impact on the offspring's behavior (32) , correlations between these maternal behaviors and social play were run.
Statistical analyses
All analyses were performed using SPSS and included a twoway (diet 3 phthalate exposure) analysis of variance (ANOVA) with cohort as a cofactor, except for oxidative stress markers where the plate was used as a cofactor in lieu of cohort. Each sex was analyzed separately because we expected that the sexes would react differently to the endocrine-disrupting properties of the phthalate mixture. Additionally, a covariate (litter size) was used in the gestational weight gain measurement. Furthermore, litter was the experimental unit for all the developmental and social behavior measurements within a sex (i.e., each measurement from a given sex within a litter was averaged). Post hoc tests were performed using Bonferroni comparisons with each exposure dose (200 and 1000 mg/kg) only compared with the vehicle-exposed (0 mg/kg) group and additionally for significant interactions, within each diet group. Additionally, another post hoc test was performed for significant interactions using Bonferroni comparisons to assess diet effects within each exposure group. Bivariate correlations with two-tailed tests of significance were run for maternal licking and nursing behaviors with social play in both males and females separately.
Results
Gestation
Almost all dams reached parturition on GD22, with two giving birth on GD21 and one on GD23. For the average daily caloric intake, there was a main effect of diet [F(1, 50) = 5.089, P = 0.028], indicating that the HFD group consumed more daily calories than the CON group (Fig. 1A) . Accordingly, there was a main effect of diet [F(1, 50) = 5.200, P = 0.027] on gestational weight gain, with HFD dams gaining more gestational weight than CON dams, even when controlling for litter size (Fig. 1B) .
Litter
There were no significant effects or interactions with litter size; however, there was a trend for phthalateexposed litters to be larger than control litters [F(2, 51) = 3.081, P = 0.055] and a trend for an interaction [F(2, 51) = 2.723, P = 0.075]. Furthermore, there were no significant effects or interactions with sex ratio of the litter.
Effects in offspring
In the pups, there were no significant effects or interactions in body weight, anogenital distance, or anogenital index at P1. However, at P10, there was a main effect of diet on body weight in both males [F(1, 50) = 18.632, P , 0.001] and females [F(1, 50) = 15.337, P , 0.001], indicating that HFD pups weighed more at P10 than CON pups. Although not significant at P25, there was a trend in the same direction for both males [F(1, 50) = 3.856, P = 0.055] and females [F(1, 50) = 3.237, P = 0.078], and at P90, the effect of diet reappeared only in males [F(1, 50) = 5.001, P = 0.030].
There was an exposure effect on body weight found only in males at P10 [F(2, 50) = 5.438, P = 0.007] that persisted to P25 [F(2, 50) = 4.672, P = 0.014], indicating that phthalate-exposed males at either dose had lower body weights at P10 (P = 0.024, P = 0.008) and P25 (P = 0.046, P = 0.012) compared with control males. Lastly, at P90 in females, there was a trend for a diet-by-exposure interaction [F(2, 50) = 2.832, P = 0.068] (Fig. 2) .
Analysis of age at pubertal onset in males resulted in a significant exposure effect [F(2, 50) = 3.252, P = 0.047] and a significant exposure-by-diet interaction [F(2, 50) = 3.196, P = 0.049]; however, post hoc tests revealed no significant findings. In females, there was a significant exposure-by-diet interaction [F(2, 50) = 4.705, P = 0.013] that revealed a diet effect within the 1000 mg phthalates/ kg-exposed females (P = 0.037), such that a perinatal HFD delayed pubertal onset compared with a CON within the relatively high phthalate-exposed females (Fig. 3) .
Maternal behavior
Overall, there was a main effect of diet in maternal care behavior [F(1, 50) = 7.536, P = 0.008], indicating that HFD dams spent more time caring for their pups compared with CON dams (Fig. 4) . This is attributed to HFD dams spending more time licking 
Periadolescent social behavior
In males, there was a main effect of exposure in social play [F(2, 50) = 3.323, P = 0.044], such that Bonferroni comparisons revealed that the 200 mg phthalates/kg males had a close to significant decrease in social play compared with control males (P = 0.051) (Fig. 5A ). This decrease in social play was offset by the exposure effect in passive contact behavior [F(2, 50) = 3.287, P = 0.046], with the 200 mg phthalates/kg males displaying more passive contact behavior than control males (P = 0.027). There were no significant effects or interactions in alone behavior. Diet showed a trend for social play [F(1, 50) = 3.485, P = 0.068] in which HFD males appeared to show more social play than CON males.
Likewise in females, there was a weak trend for an exposure effect in social play [F(2, 50) = 2.434, P = 0.098] that appeared in the same pattern as the significant difference in males (Fig. 5B ). There was a main effect of exposure in alone behavior [F(2, 50) = 3.322, P = 0.044], such that the 200 mg phthalates/kg females demonstrated more alone behavior than control females (P = 0.043). However, this effect was driven by the HFD females, as there was a significant exposure-by-diet interaction [F(2, 50) = 3.353, P = 0.043] revealing that, within HFD females, the 200 mg phthalates/kg group demonstrated more alone behavior than control females (P = 0.004). This also resulted in a significant diet effect within the 200 mg phthalates/kg-exposed females (P = 0.049), such that a perinatal HFD increased withdrawn behaviors compared with CON within the relatively low phthalateexposed females. There were no significant effects or interactions in passive contact behavior
In separate analyses of males and females, maternal licking was significantly correlated with social play Figure 3 . Pubertal onset in (left) males and (right) females. In males, there was a significant exposure effect and a significant exposure-by-diet interaction, and in females, there was a significant exposure-by-diet interaction. Figure 4 . Maternal behavior observations. Dams fed an HFD spent less time away from the nest and therefore cared more for their pups compared with those fed a CON. This was seen in HFD dams spending more time licking, nursing, and reorganizing nests in comparison with CON dams. Note: when licking and nursing behaviors occurred simultaneously, they were recorded in both behavioral categories.
(R = 0.258, P = 0.047 and R = 0.351, P = 0.006, respectively), such that pups with mothers that licked more engaged in more social play during adolescence. Additionally, in females only, maternal nursing was significantly correlated with social play (R = 0.259, P = 0.046) so that increased time nursing correlated with more social play during adolescence (Table 2) .
Gene expression
Overall, there were no systematic effects on gene expression within the classes of genes examined in the mPFC (Tables 3 and 4) or hypothalamus (Tables 5 and 6) of either males or females at P10 or P90, except for a diet effect that was observed in the mPFC of P90 males across the estrogen receptors (Esr1, Esr2, and Esrrg). Of the 28 genes examined in the mPFC and 6 in the hypothalamus, only 3 genes at P10 in males and 3 in females were statistically significant between groups with independent tests. At P90, only five genes in males and three in females were statistically significant between relevant groups with independent tests.
In males at P10, there were significant diet effects in Figure 5 . Periadolescent social play behavior in (A) males and (B) females. Males that were perinatally exposed to the relatively low concentration of the phthalate mixture had a near to significant tendency to engage in less social play (P = 0.051) but an increase in passive contact. Relative to males, females showed a similar, but not significant, pattern in social play in response to phthalate exposure However, the relatively low phthalate-exposed females with a perinatal HFD displayed more withdrawn behaviors during social play (P = 0.004). Endocrine system Ldlr 0.94 6 0.13 0.90 6 0.14 0.95 6 0.11 1.10 6 0.12 1.17 6 0.12 1.13 6 0.12 Diet, P = 0.050 1.57 6 0.15 1.32 6 0.14 1.28 6 0.12 1.17 6 0. 13 increased the expression of these genes. There was also a significant exposure effect in Drd2 [F(2, 31) = 4.183, P = 0.025] expression within the mPFC, such that the relatively high phthalate-exposed males had a greater gene expression of Drd2 than vehicle-exposed males (P = 0.014). There were no significant effects in gene expression within the hypothalamus of males at P10 or P90. In the male mPFC at P90, there was a significant dietby-exposure interaction in Ar expression [F(2, 33) = 5.989, P = 0.006], such that within the vehicle-exposed males, a perinatal HFD, compared with CON, lowered Ar expression (P = 0.005). Additionally, within the CON males, the relatively high phthalate-exposed males had lower Ar expression than vehicle-exposed males (P = 0.010). At P90, there were also diet effects in Esr1 [F(1, 33) = 12.120, P = 0.001], Esr2 [F(1, 31) = 4.341, P = 0.046], and Esrrg [F(1, 32) = 6.443, P = 0.016], such that the perinatal HFD group had lower expressions of these receptors in comparison with the CON groups. There were significant exposure effects in the expression of Essrg [F(2, 32) = 3.795, P = 0.033] and Thra [F(2, 33) = 3.933, P = 0.030], but nothing was significant with further analysis. There was also a significant exposure effect in Sod3 expression [F(2, 33) = 3.946, P = 0.029], which revealed that the relatively high phthalate-exposed males had lower Sod3 expression than vehicle-exposed males (P = 0.096).
In females at P10, there was a diet effect in Ifng [F(1, 28) = 4.684, P = 0.038] expression within the mPFC, such that females perinatally exposed to CON had increased Ifng gene expression. Although there was a significant exposure effect in AVPr1b within the mPFC, neither phthalate dose differed from controls. Within the hypothalamus, there was only a significant diet-by-exposure interaction in Oxtr gene expression [F(2, 32) = 5.065, P = 0.012], such that, within the HFD group, the relatively low phthalateexposed females had greater Oxtr expression than vehicleexposed females (P = 0.006). There was also a significant diet effect within the 200 mg phthalates/kg-exposed females (P = 0.013), such that a perinatal HFD increased Oxtr expression compared with CON within the relatively low phthalate-exposed females.
In the female mPFC at P90, there was a significant diet effect in Oxtr expression [F(1, 34) = 5.364, P = 0.027], such that a perinatal HFD lowered the expression of Oxtr in comparison with CON. There were also significant diet-by-exposure interactions in the expression of Glrx group displayed higher levels of expression compared with an HFD.
Oxidative stress markers
Although oxidative stress markers were numerically increased in HFD groups within the mPFC, only in males were there indications of significance (Fig. 6) Values are means 6 standard error of the mean. Data are expressed as the ratio to L7a. Post hoc tests revealed that a perinatal HFD had a significant effect on increasing TNFa (P = 0.012), MCP-1 (P = 0.029), IL-15 (P , 0.001), and VEGF (P = 0.017) only within the relatively high phthalateexposed males. Figure 6 . Oxidative stress markers within the mPFC of males and females at P10. In general, oxidative stress markers were numerically increased in HFD groups within the mPFC, but only in males were there actual indications, as seen in IL-15 and in the nonsignificant trends in TNFa, IL-1b, IL-6, and VEGF. There were no significant exposure effects in either sex, but there were, in males only, significant exposure-by-diet interactions in TNFa, MCP-1, IL-15, and VEGF that indicated a perinatal HFD had a significant effect on increasing TNFa (P = 0.012), MCP-1 (P = 0.029), IL-15 (P , 0.001), and VEGF (P = 0.017) only within the relatively high phthalate-exposed males. Trt, treatment. 
Discussion
This is, to our knowledge, the first study to assess the effects of low doses of an environmentally relevant mixture of phthalates crossed with an HFD. Here, perinatal exposure to phthalates resulted in a small, dose-dependent decrease in periadolescent social play behavior in males as well as a modest decrease in the prepubertal body weight of males across phthalate doses. These effects were independent of maternal care, as phthalate exposure did not affect maternal behaviors. Overall, a maternal HFD did not exacerbate phthalate-induced effects; however, an HFD generally increased oxidative stress markers within males exposed to the higher dose of the phthalate mixture. A maternal HFD also had effects of its own. Dams fed an HFD consumed more calories, had greater gestational weight gain, displayed more maternal care, and nourished pups more, such that an early postnatal HFD generally increased pup body weight that persisted only in males into adulthood. Additionally, similar to what is observed in the periphery, an HFD tended to increase oxidative stress markers within the mPFC at P10 in both males and females. The current study indicates that perinatal exposure to phthalates can have a modest but lasting impact on social behaviors in both males and females. In particular, perinatal phthalate exposure resulted in a small, dosespecific reduction in active social play behaviors in males, whereas females at the lower phthalate dose in the HFD group showed more isolated behaviors during social interaction testing. These results are compatible with associations made in the human literature, which indicate an impact of prenatal phthalate exposure on social deficits (18) and withdrawn behavior (50) .
The only other study in rodents that explored the effects of perinatal phthalate exposure on social behaviors has also shown an effect. Quinnies et al. (33) found that, in both males and females, only the higher doses (i.e., 40 and 400 mg/kg) of DEHP affected social interactions in juvenile mice. Specifically, the higher doses resulted in less sitting, both alone and side by side, as well as more investigative sniffing and independent exploring. Comparing these effects to ours is difficult given the species and age differences, as well as a single phthalate to a mixture. However, the doses of DEHP that affected behavior are similar to the levels of DEHP in our mixture: 42 and 211 mg/kg DEHP at the relatively low and high doses of the mixture, respectively. Given that the high dose of the mixture did not affect social behaviors, it may suggest that the higher doses of other phthalates within the mixture may compete with or counteract the effects of DEHP alone. Moreover, nonmonotonic responses from phthalate exposure are not uncommon in the rodent literature (51, 52).
Social play is known to occur more frequently in males and is affected by androgen exposure during the neonatal period. For example, prepubertal castration decreases male social play, whereas masculinization of females from neonatal exposure to androgens increased later rates of social play (53) . In addition, neonatal exposure to an androgen receptor (AR) antagonist blocks the masculinization of social play (40) . Although androgens play an important role in the organization of male-typical social play, other hormones can affect social play. For instance, lowering endogenous levels of progesterone neonatally can increase play in males (54) , presumably because of the weak androgenic actions of progestins, which can compete with other androgens (55) . Also, dose-dependent effects on social play are seen with estrogen, where neonatal exposure to higher doses (100 mg) of estradiol benzoate can increase social play in females (56) . Although this suggests that estrogens have an influence on social play, estrogens are known to increase AR expression in the brain (57) , even during the neonatal period (58) , and result in more AR protein in adulthood (59) .
Considering the influence of perinatal hormone exposure on social play, we speculate that the relatively low dose of the phthalate mixture may generally be antiandrogenic. DiBP, benzyl butyl phthalate, and dibutyl phthalate are the only parent phthalates from the mixture that directly antagonize the AR (8); however, DEHP also is commonly known for its antiandrogenic effects (60), presumably due to secondary metabolites disrupting steroidogenesis (61) and antagonizing ARs (62) . Although considerably less is known about the actions of DiNP and DEP, there are indications that DiNP may have antiandrogenic activity (63) and DEP may have estrogenic activity (64) . Still, the specific cellular mechanisms behind these endocrine-disrupting activities are not clear. Furthermore, precisely why the low, but not the high, dose of our phthalate mixture affected social play is unknown; however, dose-dependent effects are not uncommon in the literature on phthalates (28, 33) . Also, other mechanisms, such as the capacity of some phthalates to antagonize cannabinoid receptor type 1 (12) , may be involved, as the neonatal endocannabinoid system has recently been shown to contribute to the development of sex differences in social play (65) .
The current study also found that an environmentally relevant mixture of phthalates did not affect maternal behaviors, which is consistent with Quinnies et al. (33) , who found no differences in maternal care in mice exposed to DEHP. This suggests that the observed effects in offspring were directly due to phthalates and not to alterations in maternal care. Perinatal phthalate exposure also reduced prepubertal body weight in males. This is similar to what is found in single phthalate exposure studies, though it is generally observed across sexes (28, 45, 66) . The lack of a body weight difference in prepubertal females may be due to the mixture, as opposed to a single phthalate, as well as the relatively low doses in the current study. This also may be why we did not observe distinct phthalate effects on pubertal onset in either males or females, unlike other single phthalate studies (67) (68) (69) ; however, in females, we observed that a perinatal HFD delayed pubertal onset compared with a CON within the relatively high phthalate-exposed females.
An HFD generally did not exacerbate phthalate-induced effects but had effects of its own. Here, HFD-fed dams consumed more calories and had greater gestational weight gain, which is commonly observed in the literature (70) . However, this finding is not always observed, possibly due to the crude nature of body weight in comparison with adiposity, as well as differences in the duration of HFD exposure, percentage of calories from the three primary macronutrients, and fatty acid composition (71) . In the current study, HFD dams nursed and licked their pups more than CON dams. This finding is also congruent with the existing literature. In fact, similar to our findings, other studies have shown that a maternal HFD increases nursing (34) and licking behaviors (35, 72) . Additionally, this is similar to findings in our laboratory involving an HFD and another endocrine disruptor (bisphenol A), where dams fed an HFD spent more time in the nest with indications of more nursing (73) . It is unclear why dams fed an HFD spent more time tending to their pups, but it could be as simple as being more quickly sated, decreasing the time spent away from the nest.
Maternal care during the perinatal period has a longterm influence on the behavior of the offspring (31), including social behaviors with cage mates (32) . In spite of the lack of significant effects of diet on social play, we found that maternal licking positively correlated with periadolescent social play in both males and females. This is consistent with van Hasselt et al. (74) who found that the maternal licking and grooming received by male rats during the first postnatal week positively correlated with the frequency and duration of pouncing and pinning, two of the most distinct behaviors in social play. Although their correlation was only found in males, it is worth mentioning that dams have been found to lick male pups more frequently than female pups (75) .
It is well-established that a maternal HFD can developmentally program offspring toward an increased adiposity phenotype due to dysregulated metabolism and behavioral changes (76) . Here, given that HFD dams displayed more total nursing and have been shown to produce milk with higher fat content (34), it is unsurprising that their pups had higher postnatal body weights; however, this persisted only in males into adulthood. This effect was most prominent at P10 and waned at P25 in both sexes, which is likely due to the shorter duration and less severe HFD used in the current study, as many studies introduce an HFD, with 60% calories from fat, weeks before conception and continue it until weaning. Why the effect persisted into adulthood in males, but not females, is unknown, but it is possible that there may have been differences in maternal care between the sexes, as we did not identify pups during maternal behaviors. Additionally, the diet effect on male body weight at P90 was small (4%), compared with 11% at P10.
In this study, we demonstrated that there were generally no systematic or consistent effects on P10 or P90 gene expression within the mPFC or hypothalamus of males and females, with the exception of a diet effect that was observed in the mPFC of P90 males across the estrogen receptors (Esr1, Esr2, and Esrrg), such that a perinatal HFD decreased the expression of these receptors. This is consistent with a study that showed that HFD alters Esr1 and Esr2 expression in the cortex of male Wistar rats (77); however, there are differences compared with our study in the composition of the HFD, the age at exposure and duration, and the time of tissue collection. The lack, or direction, of effects in other genes may, in part, be due to the inclusion of several hypothalamic nuclei within the dissection, which could have diluted effects in specific nuclei.
Maternal HFD has been shown to augment both the expression of oxidative/inflammatory markers in the cortex of male offspring (7) and Oxtr in the prefrontal cortex of males but not females (36) . Here, in contrast, of the 10 genes related to the cellular defense system and inflammation examined within the mPFC, only 3 were influenced by a maternal HFD at one of the time points (i.e., P10 or P90) in a sex-specific manner. Cat expression was increased due to a maternal HFD in males at P10, whereas in females, the expression of Ifng and, within the vehicle-exposed group, Glrx were actually decreased at P10 and P90, respectively. Moreover, there were no effects on the expression of Oxtr in the mPFC in males, whereas in females, there was a decrease in its expression at P90 due to a maternal HFD. Additionally, a perinatal HFD in mice has been shown to reduce the expression of dopamine receptors in the prefrontal cortex while increasing expression of the dopamine reuptake transporter and opioid-related genes in adulthood (78), although we found no effects in adulthood on dopamine receptor expression.
Consistent with the genetic expression data, the protein levels of oxidative stress markers did not show robust differences between groups in either sex; however, an HFD tended to increase oxidative stress markers within the mPFC of both males and females, although not as reliably as in the periphery (reviewed in 79). Additionally, there were significant exposure-by-diet interactions in males with respect to oxidative stress markers, indicating that an HFD increased these markers when combined with the high dose of the phthalate mixture. The significant interactions and diet effects were only found in males, which is consistent with the well-documented sex difference in offspring outcomes due to perinatal stressors, like a maternal HFD (79) or immune challenge (80) .
Overall, perinatal exposure to an environmentally relevant mixture of phthalates and a maternal HFD had independent effects that only sporadically interacted other than in oxidative stress markers in males. The effects due to the mixture of phthalates were often small and either dose-or sex-specific. This study demonstrates that perinatal exposure to an environmentally relevant mixture of phthalates can modestly influence later behavior, without regard to diet.
